Purpose: Childhood apraxia of speech (CAS) has been associated with a wide variety of diagnostic descriptions and has been shown to involve different symptoms during successive stages of development. In the present study, the authors attempted to associate the symptoms of CAS in a particular developmental stage with particular information-processing deficits by using computational modeling with the Directions Into Velocities of Articulators ( DIVA) model. The hypothesis was that the speech production system in CAS suffers from poor feed-forward control and, consequently, an increased reliance on the feedback control subsystem. Method: In a series of computer simulations, the authors systematically varied the ratio between feed-forward and feedback control during production attempts in the acquisition of feed-forward motor commands. The simulations were evaluated acoustically on 4 selected key symptoms of CAS. Results: Results showed that increasing the reliance on feedback control causes increased severity of these 4 symptoms of CAS: deviant coarticulation, speech sound distortion, searching articulation, and increased variability. Conclusions: The findings support the idea that the key symptoms found in CAS could result from an increased reliance on feedback control due to poor feed-forward commands. Two possible root causes of degraded feed-forward control in CAS are discussed: reduced somatosensory information and increased levels of neural noise.
C hildhood apraxia of speech (CAS) is considered an impairment of purposeful speech movements (Groenen, Maassen, Crul, & Thoonen, 1996; Hall, Jordan, & Robin, 2007; Maassen, Groenen, & Crul, 2003) and is generally defined as a disorder of motor planning and /or motor programming (e.g., Caruso & Strand, 1999; Hayden, 1994; Maassen, Nijland, & van der Meulen, 2001; Ozanne, 2005; Peter & Stoel-Gammon, 2005; Schmidt & Lee, 1999; Smith, Marquardt, Cannito, & Davis, 1994; Van der Merwe, 1997) . More specifically, CAS can be defined as "a neurological childhood (pediatric) speech sound disorder in which the precision and consistency of movements underlying speech are impaired in the absence of neuromuscular deficits" (American Speech-Language-Hearing Association [ASHA], 2007, pp. 3-4) . The clinical criteria for diagnosing CAS, however, are controversial. As stated in ASHA's (2007, p. 4) technical report, "Review of the research literature indicates that, at present, there is no validated list of diagnostic features of CAS that differentiates this symptom complex from other types of childhood speech sound disorders, including those primarily due to phonological-level delay or neuromuscular disorder (dysarthria) ." One of the main difficulties is the evolving nature of clinical symptoms (Maassen, 2002; Stackhouse, 1992a) . Symptoms vary dramatically at different stages of development, starting with little or no canonical babbling and subsequently less variegated babbling during the first year (for an overview of reports on babbling in CAS, see, e.g., Hall et al., 2007; Ozanne, 2005) and moving to slow expansion of vocabulary during the second year of life (Maassen, 2002) . From that age, speech production of children with CAS has been associated with a variety of symptoms (ASHA, 2007; Hall et al., 2007; Ozanne, 2005; Shriberg, Aram, & Kwiatkowski, 1997; Stackhouse, 1992b) .
Differential diagnostic characteristics comprise inconsistent errors of consonants and vowels in repeated productions of syllables or words and lengthened, disrupted coarticulatory transitions between sounds and syllables, and inappropriate prosody, especially in the realization of lexical or phrasal stress (ASHA, 2007) . The speech sound errors mainly comprise a large number of consonantal errors in which omissions are more prevalent than substitutions (Hall et al., 2007; Ozanne, 2005) . Further characteristics include groping as well as difficulties and low-maximum repetition rates in the production of alternate syllables or diadochokinesis. The concept of groping is a collective term that is used in the literature to denote two similar but different types of speech motor behavior. First, prevocalic groping or silent posturing can be defined as "a static state of articulatory positioning that occurs without sound production" (Hall et al., 2007, p. 43) . The second type of groping constitutes searching articulatory behavior that takes place during sound production "in an attempt to find the desired articulatory position necessary for correct phoneme production" (Hall et al., 2007, p. 43) . This type of searching articulatory behavior often involves repetitive attempts to produce the desired target, constituting trial-and-error behavior (e.g., Hall et al., 2007; Ozanne, 2005; Stackhouse, 1992b) .
More fine-grained phonetic characteristics include distorted productions of speech sounds (mainly vowels) and deviant coarticulation (ASHA, 2007; Hall et al., 2007; Ozanne, 2005; Stackhouse, 1992b) . Speech sound distortions comprise nonphonemic productions of speech sounds that often defy accurate transcription, even when using narrow transcription (Hall et al., 2007) . Pollock and Hall (1991) perceptually examined the vowel and diphthong production of five children with CAS and found that all five children made a variety of errors that were categorized as diphthong reduction, tensing, laxing, and derhotacization. Although the perceptual analysis of speech sound errors often is troublesome in pathological speech, in this case the perceptual judgments were acoustically validated by Walton and Pollock (1993) . In a study in our laboratory, Nijland et al. (2002) found a reduction in vowel distinction and deviant coarticulation patterns in the speech of children diagnosed with CAS as compared with normally developing children. Although the results showed large individual differences among the children with CAS, the most prevalent finding was a larger within-subject variability of productions for the children with CAS than for the controls. Furthermore, the errors were found not to be typically immature. In a subsequent study that further investigated the coarticulation patterns, coarticulation was found to be stronger and more extended in the speech of children with CAS as compared with normally developing children (Nijland, Maassen, van der Meulen, Gabreëls, et al., 2003) .
In psycholinguistic models, CAS is considered a multideficit disorder that involves three levels: phonological planning, assembly of a phonetic program, and motor implementation (Ozanne, 2005) , with the core deficit at the phonetic programming level (Caruso & Strand, 1999; Ozanne, 2005; Schmidt & Lee, 1999; Van der Merwe, 1997) . This can be summarized by stating that CAS is an inability to transform an abstract phonological code into motor speech commands (Nijland, 2003) . To pursue this further, the aim of the present study was to explore which characteristics can be accounted for by computational modeling. For this, we used the computational neural model of speech motor control called the Directions Into Velocities of Articulators (DIVA) model (Guenther, 1994; Guenther, Ghosh, & Tourville, 2006) . If the speech characteristics of children with CAS could be simulated with the DIVA model, then this would give valuable insights into the neurological mechanisms and deficits of this disorder. This applies even more when a diverse set of characteristics can be modeled by a single parameter manipulation: If several symptoms that are in a psycholinguistic model hypothesized to emerge from multiple underlying deficits could be explained with a single model manipulation, then this would yield a strong indication for a more general underlying processing principle involved in CAS.
Overview of the DIVA Model
The DIVA model is a neural network model of speech acquisition and production, the components of which correspond to regions of the cerebral cortex and cerebellum (Guenther et al., 2006) . DIVA is a model of speech motor control and focuses on the sensorimotor transformations underlying the control of articulatory movements. According to the model of Levelt (1989) , the speech production process comprises the successive stages of conceptualization, formulation (which can be further divided in grammatical and phonological encoding), and articulation. In this framework, the DIVA model comprises the process of articulation. Figure 1 presents an overview of the model. The DIVA model is computationally implemented and consists of a neural network controller detailing feed-forward and feedback control loops that are involved in early speech development and mature speech production. The boxes in the diagram correspond to maps (sets of neurons), and the arrows correspond to synapses. In order to produce an acoustic signal, DIVA controls the movements of an articulatory synthesizer (Maeda, 1990) .
In the first stage of learning in the model, semirandom articulatory movements (meant to roughly correspond to early stages of infant babbling) are used to learn relations between motor commands and their auditory and somatosensory consequences. The information is stored in the synapses between motor, auditory, and somatosensory cortical areas, represented by arrows in Figure 1 . In particular, the model learns mappings between auditory and somatosensory information and the corresponding motor commands. For example, the model learns how to transform detected auditory errors, which represent desired changes to the formant frequencies, into motor commands that will reduce these errors.
That is, it learns a mapping from changes in formant frequencies into motor commands that affect these changes. Later during development, this mapping allows the DIVA model to compute the motor commands that are necessary to achieve the desired auditory consequences for new speech sounds (i.e., to reach the auditory target region for the sound currently being produced).
In the second stage of learning (meant to correspond to the imitation stage), the model is presented with sample speech sounds and learns an auditory target for each sound, which can consist of a single phoneme, a syllable, a word, or a small phrase. The auditory targets are effectively stored in the synaptic projections from speech sound map cells in left ventral premotor cortex to cells in the higher order auditory cortical areas.
After learning the auditory target for a new speech sound, feed-forward commands for the sound are learned during repeated attempts to produce the sound by the model. These commands are encoded by synaptic weights projecting from speech sound map cells in the left ventral premotor cortex to articulator velocity and position cells in the primary motor cortex bilaterally (labeled Feedforward commands in Figure 1 ). On the basis of the information provided by the auditory feedback control Projections to and from the cerebellum are simplified for clarity (Guenther et al., 2006) . Sup. = Superior; Inf. = Inferior.
subsystem, which compares the actual auditory signal with the desired auditory target, the feed-forward command is updated with each attempt, thus becoming more accurate. Eventually, the feed-forward command is accurate enough for the model to produce the sound without generating auditory errors and thus without invoking the auditory feedback control subsystem (resembling normal/adult production). During acquisition of the feedforward command, the model also learns a somatosensory target region for the sound encoding the tactile and proprioceptive information that accompanies correct production of the sound. This somatosensory target is used in the somatosensory feedback control subsystem during normal production. For a detailed description of the DIVA model, its neural correlates, and its mathematical and computational implementation, see Guenther et al. (2006) . An overview of the model's parameters and equations is presented in the Appendixes A and B.
CAS in DIVA
According to the DIVA model, the acoustic signal plays a central role in speech acquisition and production, as embodied by the model's auditory targets and auditory feedback control subsystem. Regions in auditory perceptual space form the targets that the model strives to achieve in order to produce a particular speech sound. If the actual auditory signal does not correspond to the desired auditory target, then an online corrective motor command will be calculated. In addition, the feed-forward command is updated for the next attempt (in order to become more accurate). Because the auditory signal not only serves as a "teaching" signal but also is the input for the calculation of feed-forward commands, auditory targets in the DIVA model correspond to what is traditionally seen as motor plans or phonetic plans. In the DIVA model, the motor commands for different speech sounds are stored in feed-forward projections that specify articulatory trajectories that will produce the desired auditory target. These feed-forward projections correspond to motor programs in traditional psycholinguistic models (e.g., in the model of Van der Merwe, 1997), although it should be noted that in DIVA motor programming and execution are not strictly separated.
A problem in the transformation of an abstract phonological code into motor speech commands, hypothesized to underlie CAS (Caruso & Strand, 1999; Nijland, 2003; Ozanne, 2005; Schmidt & Lee, 1999; Van der Merwe, 1997) , can thus be simulated by poor feed-forward control in the DIVA model. In DIVA, the feed-forward control subsystem establishes the coupling between the auditory target (phonetic plan) and the motor command (motor program) that will produce it. If feed-forward commands are incorrect and/or imprecise, then the articulatory movements are off target. If the articulatory movements are off target, then this leads to error cell activation in the auditory and somatosensory error maps, causing the auditory and somatosensory feedback systems to generate corrective commands ( labeled Feedback commands in Figure 1 ). The introduction of errors due to poor (incorrect and/or imprecise) feed-forward control thus causes the system to rely more heavily on the sensory feedback control subsystems. Therefore, the model predicts that the speech motor control of children with CAS is biased toward feedback control.
To test whether an overreliance on feedback control due to impaired feed-forward control can account for the speech characteristics in CAS, we conducted a series of computer simulations with the DIVA model in which we systematically varied the ratio between feed-forward and feedback control. The computationally implemented model is equipped with a standard mapping of the relations between motor commands and their auditory and somatosensory consequences, which was acquired during a training stage of semirandom articulatory movements (resembling infant babbling). The model observations were done during production attempts in the acquisition of feed-forward commands to produce prespecified auditory targets. In children, this corresponds to imitation learning, from early attempts to produce a new meaningful utterance (e.g., a word) until skillful production without online feedback control.
Four key characteristics of CAS were identified for evaluation: deviant coarticulation, speech sound distortion, searching articulation, and increased variability. There are several reasons for focusing on this specific set of speech motor characteristics of CAS. First, because sound targets are predefined in the present computational implementation of the model, deviant suprasegmental characteristics (e.g., inappropriate prosody) or phonological characteristics (e.g., speech sound omissions, substitutions and transpositions) could not be investigated. For the same reason, a number of speech motor characteristics also could not be investigated, such as prevocalic groping and speech sound prolongations. Therefore, in these simulations, we focused on the more fine-grained phonetic characteristics of CAS speech, which are largely independent of phonological development and can be simulated with DIVA. These characteristics are indicative of CAS during an extended period of speech development, comprising the whole stage of imitation learning.
The effects of impaired feed-forward control and an overreliance on feedback in the DIVA model has been previously studied by Max, Guenther, Gracco, Ghosh, and Wallace (2004) in the context of stuttering. In their simulations, Max et al. implemented a bias toward feedback control as the basic deficit. This overreliance on feedback could explain the observation that auditory masking, frequency-altered, and delayed auditory feedback sometimes have a fluency-enhancing effect (e.g., Ingham, Moglia, Frank, Ingham, & Cordes, 1997; Postma & Kolk, 1992) . Presumably, in these cases the modification or absence of auditory feedback prevents the use of auditory feedback control. To explain the typical stuttering phenomena ( blocking, sound repetitions), Max et al. additionally implemented a reset function. Triggered by sensory errors exceeding a certain threshold, the reset signal orders the system to abort the current production and start over. Although no detailed results were presented, the authors reported that the combination of increased sensory error and a reset function lead to stuttering behavior, in particular sound repetitions. The present study differs in two important aspects from this previous work. Max et al. did not investigate the effects of impaired feed-forward control processes on speech acquisition (investigating only the mature system). Furthermore, their simulations involved a reset function; the typical stuttering phenomena found in their study are the results of restart based on reset. In the present study, we focused on the effects of the amount of feedback on a selection of typical CAS symptoms. However, the underlying parallel is that similar underlying mechanisms (i.e., overreliance on feedback control) might play a role in different speech production disorders.
DIVA Simulations

Method
The simulation series was performed on a personal computer running the 2007 distribution of the computational implementation of the DIVA model, written in the MATLAB programming environment.
1 In the simulation series, the ratio between feed-forward and feedback control was varied during production attempts in the acquisition of feed-forward commands. The acquisition process comprised 10 iterations, which corresponds to approximately asymptotic learning. The feed-forward/ feedback ratio was manipulated ranging from the standard level of 90/10 to 55/45 in 5% steps. 2 An overview of the model's parameters and equations can be found in the Appendixes A and B. V1CV2 utterances were used as speech sound targets, comprising all combinations of /a /, /i /, and /u / for the vowels ( V1 and V2) and / b/, /d /, and /g/ for the consonants (C), forming a total number of 27 sound targets. The targets had a fixed duration of 560 ms, consisting of 200 ms for the vowels, 100 ms for the consonant, 3 and 30 ms for each of the transitions. The spectral characteristics of the auditory targets were specified by trajectories of the first three formant frequencies, that is, the target for a sound consisted of timevarying regions in {F1; F2; F3}-space.
The simulations produced an acoustic realization of each target VCV utterance. The formant frequencies ( F1, F2, F3) of each speech sound of each VCV utterance 4 were measured at three points in time: at the beginning, in the middle, and at the end of the steady-state area (see Figure 2) . In order to focus on relative rather than absolute frequency differences, the formant values measured in Hz were normalized using a log10(x) transformation.
Coarticulation refers to the phenomenon that the specific properties of articulator movements are context dependent. Acoustically, this manifests itself as the realizations of consecutive speech segments affecting each other mutually. This is exemplified in Figure 3 . Coarticulation was measured in both vowels and consonants. Coarticulation effects usually change the characteristics of a speech sound in the direction of the neighboring speech sound, but the deviant coarticulation patterns of children with CAS found by Nijland et al. (2002 also contained hyperarticulation (change in the opposite direction: enhanced contrasts). Therefore, the amount of coarticulation was estimated by the absolute differences in mean formant frequencies of a particular speech sound across all possible vowel contexts. Mean absolute differences across the three vowel contexts were calculated for each formant. Subsequently, a coarticulation index was calculated by averaging over the three formants. In this way, both anticipatory coarticulation (i.e., differences in the realization of V1 [intersyllabic] and C [intrasyllabic] in the three vowel contexts V1C/i/ vs. V1C/u/ vs. V1C/a/) and carry-over coarticulation (i.e., differences in the realization of V2 and C [both intersyllabic] in the three vowel contexts /i/CV2 vs. /u/CV2 vs. /a/CV2) were measured. Formulas of the calculations can be found in the Appendixes A and B.
The distortion of speech sounds was calculated by averaging the absolute differences in mean formant frequencies ( F1, F2, and F3) of each produced speech sound 1 The source code is available from http://speechlab.bu.edu / DIVAcode.php. 2 Driven by the experience that lower feed-forward /feedback ratios do not yield intelligible productions, 55/45 was chosen as a limit.
3 A 100-ms consonant duration is decomposed into a 70-ms closure period followed by a 5-ms smooth transition to a 25-ms prerelease voicing period that simulates the effect of air pressure in the vocal tract below the closure point. This procedure is suggested by Maeda (1996) for phoneme concatenation of vowels and unvoiced stop consonants and was adapted to the voiced stop consonant VCV utterances used in these simulations. 4 A large number of studies focus on F2 trajectories. Although this is often not substantiated, the reason for this is likely to be the study of Öhman (1966) , in which he showed that for VCV utterances, F2 is the most indicative of the first three formants. However, because all formants do contain spectral information, and because DIVA does not discriminate between formants (i.e., does not weigh the auditory error signal of different formant frequencies differently), the acoustic measures used in this study take all three formants into account.
relative to the frequencies of the target speech sound (a formula is included in the Appendixes A and B). In this way, an index is created of how much the realized speech sound deviates from the intended target sound.
It is not possible to simulate prevocalic groping or silent posturing in the present computational implementation of the DIVA model. Therefore, the focus was on searching articulatory behavior that takes place during sound production in an attempt to achieve the desired target. As was mentioned in the introduction, this type of searching articulatory behavior often involves repetitive attempts to produce the desired target. However, in the present computational implementation of the DIVA model, this trial-and-error aspect could not be investigated. Therefore, the amount of groping or online searching articulatory behavior was quantified by the comparison of the formant frequencies at the beginning, middle, and end of each speech sound. In this way, an indication of the change in formant frequencies during the course of each speech sound is obtained, which corresponds to the online articulatory adjustments that constitute this type of groping or searching articulatory behavior. First, for each formant of each speech sound, the standard deviation of its values at the beginning, middle, and end of the production was calculated. These three values were then averaged to create an index of the general amount of groping or online searching articulatory behavior (a formula can be found in the Appendixes A and B).
Finally, the variability between productions was measured by the standard deviations in the mean formant frequencies of repeated productions of the same speech sound (see the Appendixes A and B for a formula of the calculations). Note that this is a very rough index of token-to-token variability that also encompasses variability due to coarticulation and speech sound distortions. In addition, the standard deviations of the coarticulation, speech sound distortion, and groping measures were examined as variability indices.
To test whether any of the effects were significant, analyses of variance were conducted first, with feed-forward /feedback ratio as a factor and vowel and consonant identity as covariates. However, the assumption of homogeneity of variance failed for all variables, as the Levene's tests turned out to be significant. Because parametric testing was not justified, nonparametric tests (Kruskal-Wallis) were conducted. Figure 4 presents the mean coarticulation in V1, C, and V2 as a function of feed-forward/feedback ratio. The results show an increase in coarticulation as the feed-forward /feedback ratio decreases. Among the vowels, anticipatory coarticulation is stronger than carryover coarticulation. In the consonant, the opposite effect was found: Carryover coarticulation is stronger than anticipatory coarticulation, but this difference only manifests itself from a feed-forward/feedback ratio of 80/20 (see Figure 4 ).
Results
The course of coarticulation along the utterance is depicted in Figure 5 . The data indicate that anticipatory coarticulation is larger in V1 than in C, whereas carryover coarticulation is larger in C than in V2. Note that the results show especially high values at the beginning of V1 (see Figure 5 , left panel), which corresponds to utterance onset. Utterance onset appears to constitute an exceptional case, which is discussed in detail below.
Nonparametric testing (a series of Kruskal-Wallis tests for x independent samples) showed that for V1, C, and V2, all effects of feed-forward/feedback ratio were significant at a p < .001 level. For anticipatory and carryover coarticulation, we also tested the effect separately for the beginning, middle, and end of speech sounds. With the exception of anticipatory coarticulation at the beginning of V1 ( p = .067), all effects of feed-forward/ feedback ratio were significant (all ps < .001).
For speech sound distortion, the results show an increase for V1, C, and V2 (see Figure 6 ). Apart from the feed-forward/feedback ratio of 60/40, the amount of distortion is larger in V1 than in C and V2. Between C and V2, the results do not show large differences. A series of Kruskal-Wallis tests for x independent samples showed the effects of feed-forward/feedback ratio for V1, C, and V2 to be significant at p < .001.
The amount of groping or searching articulatory behavior was captured by the standard deviations of the formant values at the beginning, middle, and end of each speech sound. The results show an increase in searching articulatory behavior as the reliance on feedback control increases (see Figure 7) . Overall, the mean variability in the course of the productions was largest in V1, but the difference between V1 and C decreased as the reliance on feedback increased. From feed-forward/feedback ratios of 60/40 to 90/10, the results show no difference between V1 and C. V2 shows the smallest amount of variability in the course of its production. Statistical analysis (a series of Kruskal-Wallis tests for x independent samples) showed the effect of feed-forward/feedback ratio to be significant for V1, C, and V2 (all ps < .001). indices (see Figure 8 , right panel). A series of KruskalWallis tests for x independent samples showed the effects of the feed-forward/feedback ratio on the standard deviation of mean formant frequencies to be significant for C (p < .05) and V2 (p < .01) but not for V1 (p = .087).
On the basis of the differences in standard deviation shown in Figure 8 (right panel), the aforementioned lack of homogeneity of variance is to be expected, but interacting factors might be present underneath. Therefore, we investigated the effects of vowel and consonant identity. We conducted a series of homogeneity tests for each vowel and each consonant, separately for V1, C, and V2. All proved to be significant; thus, the differences in variance cannot be accounted for by interactions with vowel or consonant identity. Furthermore, the results showed no large differences in variance between V1, C, and V2. We therefore conclude that the differences in variance (see Figure 8 , right panel) are significant differences that reflect a main effect of feed-forward /feedback ratio.
Discussion
In the simulation series, we systematically varied the ratio between feed-forward and feedback control during production attempts in the acquisition of feed-forward motor commands to test the prediction that the speech motor control of children with CAS is biased toward Figure 7 . Groping: Variability over the course of the production of speech sounds in relation to feed-forward/feedback ratio. feedback control. High feed-forward /feedback ratios in the simulation series correspond to the speech acquisition of normally developing children. The models standard setting of feed-forward /feedback is 90/10, but slightly lower ratios are presumed to still correspond to normal development. Lower feed-forward /feedback ratios (in these simulations from 70/30 downward), however, are presumed to correspond to speech acquisition in CAS, with a decrease of the feed-forward/feedback ratio reflecting increased severity of the disorder.
The simulation results showed an increase in coarticulation, speech sound distortion, groping, or searching articulatory behavior as the reliance on feedback control increased. Furthermore, the results showed an effect of feed-forward/feedback ratio for variability in terms of the standard deviations of the coarticulation, speech sound distortion, and groping indices, and for the variability of mean formant frequencies. Overall, the simulation results indicated that an increased reliance on the feedback control subsystem can account for at least four key characteristics of CAS, thus indicating that the symptoms of CAS could result from impaired (incorrect and/or imprecise) feed-forward commands.
We found a large difference between the magnitude of the effects on V1 as compared with the speech sounds in the middle and final positions of the utterance. The amounts of coarticulation, speech sound distortion, searching articulatory behavior, and variability all were larger in V1 than in C and V2. Furthermore, with respect to the standard deviation of mean formant frequencies, the effect of feed-forward/feedback ratio proved not to be significant for V1. As a whole, these findings raise suspicion that a different mechanism could be at work regarding V1. A closer look at the results on the course of coarticulation may provide an explanation. The results showed a significant effect of feed-forward/feedback ratio on anticipatory and carryover coarticulation over the whole course of the utterance (beginning, middle, and end of each speech sound), with the exception of anticipatory coarticulation at the beginning of V1, in which case the effect of feed-forward/feedback ratio proved not to be significant. An interpretation of these findings could be that the present state of the model is poorly defined at the onset of the utterance. At speech onset, the model lacks afferent information about the present state of the vocal tract, which causes the model's information of vocal tract positioning to be less precise. In turn, this causes an imprecision in the feed-forward commands, whose specifics are dependent on vocal tract state. This baseline error has a magnifying effect on the production errors and thus predicts speech sound distortion to be larger in initial position. Furthermore, as a larger error in turn invokes a larger correction, it also predicts a larger variability in initial position. This corresponds to findings that in CAS, different error patterns are found for word-initial as compared with word-final position. Thus, higher error rates and more diversity of error types have been reported for speech sounds and speech sound clusters in initial than in final position (e.g., Shriberg et al., 1997; Thoonen, Maassen, Gabreëls, & Schreuder, 1994) . In this respect, a parallel with stuttering becomes apparent. The high uncertainty at utterance initial position might provide an explanation for the specific utterance onset problems found in stuttering.
With respect to anticipatory and carryover coarticulation, the simulations yield interesting results. Given the models' particular behavior at utterance onset (as discussed above), the vowel data do not provide a balanced comparison, but the data on the consonants do. Down to a feed-forward/feedback ratio of 80/20, the results showed no clear difference between anticipatory and carryover coarticulation in the consonant. However, carryover coarticulation got stronger as the feed-forward/feedback ratio went from 80/20 to a feed-forward/feedback ratio of 55/45. In this respect, the simulation results lead to the straightforward testable prediction that both types of coarticulation are increased in the speech of children with CAS in comparison to normally developing speakers but that the increase in carryover coarticulation is larger than the increase in anticipatory coarticulation.
Although coarticulation in the speech of children with CAS has been investigated in some studies (e.g., Nijland et al., 2002; Nijland, Maassen, van der Meulen, Gabreëls, et al., 2003; Sussman, Marquardt, & Doyle, 2000) , anticipatory and carryover coarticulation have not yet been compared in a single experimental design for this pathological group. Also, more generally in pathological speech or in speech in abnormal circumstances (e.g., fast or slow speech), the number of studies in which anticipatory and carryover coarticulation have been directly compared is limited. Hertrich and Ackermann (1995) found in slow as compared with normal speech rate of normally speaking adults a decrease in carryover coarticulation while anticipatory coarticulation remained the same. According to the authors, this indicates that these two types of coarticulation are controlled by different mechanisms. Carryover coarticulation is thought to reflect biomechanical or motor constraints (e.g., inertia, transmission delays in neuromotor control processes), whereas anticipatory coarticulation seems to represent higher level phonetic processing. Supplementary evidence for this view was found in the coarticulation patterns of speakers with ataxic dysarthria (Hertrich & Ackermann, 1999) . Because the DIVA model does not contain inertia-type biomechanics, we hypothesize from these data that in our simulations, neuromotor constraints (i.e., transmission delays that are incorporated in the control loops) are the main determinants of the increase in carryover coarticulation in lower feed-forward/feedback ratios. This leads to the testable hypothesis that the difference between carryover and anticipatory coarticulation in the speech of children with CAS in comparison to normally developing controls disappears when speech rate is slowed down.
What causes degraded feed-forward commands? We present two hypotheses regarding the underlying neurological mechanisms that cause the degraded feed-forward commands. The first hypothesis is derived from observations of children with CAS having a lowered oral sensitivity of the tongue and palate (Hall et al., 2007; Ozanne, 2005; Stackhouse, 1992b) . The importance of somatosensory information in speech motor control has been known for some time (e.g., Lindblom, Lubker, & Gay, 1979) and has recently been emphasized in work by Ostry and colleagues (Nasir & Ostry, 2006; Ostry & Clark, 2005; Tremblay, Schiller, & Ostry, 2003) . 5 In this view, the core deficit of CAS lies in a reduced or degraded oral sensitivity. In DIVA, a lack of somatosensory information would have different effects in successive stages of speech development that have a cumulative effect. In the babbling stage, it causes weak or underspecified synaptic projections from somatosensory error mappings to the articulator velocity map in motor cortex, subsequently leading to degraded somatosensory feedback control in the imitation stage. Furthermore, readout of the appropriate feed-forward commands depends on knowing the current somatosensory state. A poor estimate of somatosensory state will lead to impaired readout of feed-forward commands, resulting in degraded feed-forward commands and thus an increased reliance on the feedback control subsystem.
This view converges with observations of deaf and/or hearing-impaired ( HI) speech. Through extensive training, children who are born deaf or (severely) hearing impaired can learn how to speak intelligibly. The characteristics of CAS and deaf or HI speech show specific contrasts and correspondences. For example, regarding plosives, the forceful articulation of HI speech contrasts with the imprecise articulation found in CAS, but both populations have trouble in controlling voiceonset time ( VOT). It is clear that in HI, speech motor control, the learning of feed-forward commands is based mainly or even solely on somatosensory feedback. In CAS-as in normal development-the learning of feedforward commands is based mainly on auditory feedback, and due to the lack of somatosensory information, the appropriate feed-forward commands cannot be read out properly. In this view, mastering VOT control requires both sources of information to be intact. It is well known that the acquisition of the voicing contrast requires precise timing control between laryngeal and oral structures (Grigos, Saxman, & Gordon, 2005; Gracco & Löfqvist, 1994; Munhall, Löfqvist, & Kelso, 1994) . In Lane and Perkell's (2005) review article on VOT control in the absence of hearing, they pointed out that "achieving an appropriate voicing contrast involves an intricate coordination of the timing and magnitude of movements in the respiratory, laryngeal, and supraglottal systems" (p. 1339). Although Lane and Perkell mainly stressed the importance of self-hearing, it is clear that such a coordination also requires adequate somatosensory and proprioceptive information of the current state of the systems that are involved. It appears that if the system fails on one of the two requirements, then a proper coordination cannot be established, and VOT control cannot be mastered fully.
The second hypothesis is that CAS can be explained as resulting from an increased level of neural noise. Neural noise has been suggested to be the primary factor limiting the possibility of simultaneously rapid and accurate movements (Fitts, 1954) and has been widely associated with the token-to-token variability that characterizes human motor performance (Fitts, 1954; Harris & Wolpert, 1998; Meyer, Abrams, Kornblum, Wright, & Smith, 1988; Perkell & Nelson, 1985) . Wolpert, Ghahramani, and Flanagan (2001) presented neural noise as the main argument for the existence of paired (forward and inverse) internal models, by whose combination the central nervous system can optimally estimate a current state of the system. In the DIVA model, neural noise could affect all of the neural maps in Figure 1. This would be expected to result not only in incorrect and /or imprecise feed-forward commands but also in poor performance in the auditory and somatosensory feedback control systems.
Conclusions
In the present study, we attempted to simulate the imitation learning stage of speech acquisition in CAS using the neurocomputational DIVA model. In a series of computer simulations, the hypothesis was tested that the speech production system in CAS suffers from impaired feed-forward commands, and consequently an increased reliance on the auditory feedback control subsystem. The simulation results showed an increase in coarticulation, speech sound distortion, searching articulatory behavior, and variability as the reliance on feedback control increased. These results support the idea that the key symptoms found in CAS could result from an increased 5 Somatosensory information plays two different roles in the DIVA model. Within the somatosensory feedback control system, somatosensory feedback is compared with expected somatic sensations (somatosensory targets) to detect somatosensory errors that are corrected by the somatosensory feedback system. In feed-forward control, somatosensory feedback is needed to indicate the current state of the vocal tract in order to choose the appropriate feed-forward commands. Here, we refer to the latter of these two functions.
reliance on auditory feedback control due to incorrect and/or imprecise feed-forward commands.
For high feed-forward/feedback ratios, anticipatory coarticulation in the consonants was found to be equal to carryover coarticulation. With feed-forward/feedback ratios lower than 80/20, however, carryover coarticulation was found to be stronger than anticipatory coarticulation. In this respect, the simulations predict that in the speech of children with CAS, the difference in carryover coarticulation in comparison to normally developing speakers is relatively large compared with the difference in anticipatory coarticulation. Furthermore, it is predicted that this interaction disappears when speech rate is slowed down. Both the relation between anticipatory and carryover coarticulation and the effect of speech rate on speech motor control have not yet been studied in this pathological group. Two hypotheses were presented for the underlying mechanisms causing the weak feed-forward control: reduced somatosensory information and an increased level of neural noise. We are presently working on the implementation of these mechanisms in DIVA.
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